The paper describes the operation of an autonomous passive residual heat removal system (PRHRS
INTRODUCTION
The development and introduction of passive residual heat removal systems (PRHRS) as a part of the WWER safety systems may signifi cantly increase the NPP robustness against BDBA with the plant blackout. Despite the fact that this passive equipment has a relatively large weight and lengthy pipelines, the system operation does not require operator's attention as it is based on natural phenomena.
The lack of such passive systems on the Fukushima Daiichi NPP, where the loss of all main and emergency power supplies, caused by the tsunami after the powerful earthquake on March 11, 2011, has led to failure of the residual heat removal from the reactors and spent fuel pools, which eventually resulted in severe consequences.
Autonomous PRHRS of the WWER 1000 power plant is presented. The PRHRS operation does not depend on the operation of the designed active and passive safety systems in the same extent as on status of the main equipment, such as steam generators (SG).
The PRHRS consists of 2 systems: a residual heat removal system from the primary circuit (PRHRS-R) and a residual heat removal system from the pressurizer (PRHRS-PRZ) (Sviridenko, 2008b) .
The specifi c feature of the proposed PRHRS is that it is built based on evaporation-condensation closed cycle units -two-phase thermosiphons (TPTS) (Sviridenko, 2008a) . The TPTS, providing heat transfer from the primary circuit to the intermediate circuit, serve as an additional barrier for potential release of radioactivity outside the containment boundary, thus increasing the safety of the reactor installation in the case of intercircuit leaks (Sviridenko and Shevielov, 2012) . Calculations performed on RELAP5/Mod3.4 show high reliability of the thermosiphon-based PRHRS system. The effi ciency of the system has been assessed for two options of heat removal: to the atmospheric air, or to the water in emergency heat removal tanks (EHRT).
The thermal protection of the EHRT water for cases of low external temperatures is provided by the primary water, through the blowdown line of the thermosiphon heat exchanger of the standby PRHRS system.
A special attention was addressed to the potential injection of nitrogen from EC-CS-HA to the cooling circuit of the autonomous thermosiphon PRHRS and ECCS heat exchanger, when it is in operation in the emergency cooldown mode, that eventually may have a negative impact on the heat removal capability.
Analytical modeling of the autonomous thermosiphon PRHRS operation in such an emergency mode, with noncondensing gases in the primary circuit, is an obligatory stage of development and introduction of the new safety system. The analyses of the infl uence of the noncondensing gases came along with the optimization of the system composition with the main objective to identify the time left until the primary temperature starts growing.
The relevance of the issues addressed in the article is caused by the need to improve the developed PRHRS, especially increasing their reliability and effi ciency, as well as safety during emergency transients.
PASSIVE RESIDUAL HEAT REMOVAL SYSTEM WITH A THERMOSIPHON-BASED HEAT EXCHANGER
Autonomous PRHRS with thermosiphon equipment consists of 2 systems: a residual heat removal system from the primary circuit (PRHRS-R) and a residual heat removal system from the pressurizer (PRHRS-PRZ) (Fig. 1) . The PRHRS-R removes residual heat from the reactor core and from the primary coolant in natural circulation conditions: reactor-PRHRS-R EHE-reactor. The PRHRS-R EHE provides heat removal from a single-phase primary coolant, or from a two-phase primary coolant if the coolant is boiling. In the latest case, the PRHRS-R EHE is functioning as a condenser of the primary steam.
PRHRS-PRZ provides for rapid depressurization of the primary circuit, to allow timely actuation of the ECCS HA for boron injection, preventing the core recriticality.
In the pressurizer cooling mode, the coolant fl ow is as follows: pressurizer-PRHRS-PRZ EHE-reactor-pressurizer. PRHRS-PRZ EHE serves as a condenser of the primary circuit's steam released from the upper part of the pressurizer. After PRHRS-PRZ the condensate fl ows to the reactor pressure vessel, where it is mixed with the primary coolant. A part of the coolant, via the "hot" leg of the circulation pipe and the pressurizer' surge line again fl ows to the pressurizer, gets evaporated and again is directed to the PRHRS-PRZ. In this way, the permanent removal of the heat from the upper Upstream the PRHRS-PRZ, there is a check valve that prevents injection of the relatively colder reactor coolant from the reactor to the pressurizer via the PRHRS-PRZ in the case of misoperation (inadvertent opening) of the isolation valve when RCPs are in operation.
The PRHRS-R consists of four independent cooling channels of 33.3% capacity each (4 × 33.3%), and the PRHRS-PRZ consists of two loops of 100% capacity each (2 × 100%). Each of the loops consists of an emergency heat exchanger built of twophase thermosiphons, a two-phase intermediate circuit, and a heat exchanger-condenser, located outside the containment boundary and providing heat release from the intermediate circuit to the fi nal heat absorber. The PRHRS-PRZ operates in parallel with the PRHRS-R. Their design is also similar, they differ inly in their capacity, and in the heat exchanging surface. The full scope heat removal from the reactor is covered by three PRHRS-R channels and one PRHRS-PRZ channel.
Heat from the primary circuit to the evaporation parts of the two-phase thermosiphons is transferred through the lower intertubular space of the EHE. An important detail is that the thermosiphon unit, providing heat transfer from the primary circuit to the intermediate circuit, serves as an additional barrier, preventing a potential release of radioactivity to the environment, thereby essentially increasing the safety of the plant in the case of intercircuit leak.
Heat transfer from the condensation part of the thermosiphons to the intermediate circuit is provided by evaporation of the intermediate coolant in the upper intertubular space of the EHE. The intermediate circuit piping goes through the containment boundary. The steam from the intermediate circuit is condensed in the TC due to heat transfer to the cooling water or ambient air. Then, the condensate fl ows back to the EHE, closing the circulation loop.
ANALYTICAL MODELING OF PRHRS
Analytical modeling of the operational modes of PRHRS was performed based on the RELAP5/Mod3.4 code. For PRHRS modeling, experimental data and MELCOR calculations were used. As the next step, PRHRS model was incorporated in the basic analytical model of WWER-1000/V-320 design.
The piping side of the PRHRS EXE, such as the PRHRS HEC of the component cooling circuit, has been modeled in scope of the basic RELAP5/Mod3.4 approach, with the use of "pipe" instrument. PRHRS EXE's thermosiphons are divided into 10 evaporation parts, whose external side is working in the primary coolant environment, and fi ve condensation parts, cooled from outside by component cooling water. The shell side of the heat exchangers is represented as two parallel channels -heated and not heated parts with cross connections in between. Such an approach gives us the possibility of adequately considering convective heat and mass transfer in the shell side regardless whether the side is fi lled with a single-phase or two-phase medium.
The piping of the PRHRS HEC is divided into 10 single analytical volumes. Modeling of external heat transfer from PRHRS HEC was performed for two possible options of fi nal heat absorber.
In the fi rst option, water in the EHRT serves as a fi nal heat absorber. Each PRHRS channel has its own EHRT, which is more than 20-m high and it is located outside the containment. The PRHRS HEC are 5 m in height and they are located in the lower part of EHRT. The initial water level of EHRT was set at 20 m from the bottom with initial inventory of 400 m 3 in each tank. The upper part of EHRT is connected to the atmosphere -an infi nitely large volume under a pressure of 1 bar. The initial water temperature in the EHRT is assumed to be 40 o C, which is a maximum possible value during the plant operation. In the course of PRHRS operation, the water in EHRT is heated up and then gets evaporated. The EHRT water inventory is selected to guarantee the operation of PRHRS for 3 days. In this case, the heat transfer coeffi cient at the outer surface of PRHRS HEC is calculated by RELAP5/Mod3.4, corresponding to the correlation or bounding equations used in the code. As soon as the EHRT is fi lled with a single-phase medium -water, with different subcooling margins, an analytical model with up-and downcomers and horizontal interconnections was used in the EHRT modeling. Part of PRHRS HEC from EHRT was separated in an additional analytical node for more precise consideration of the EHRT media fl ow around the external surface of PRHRS HEC (subcooled water, water-steam mixture, air, liquid with a mixture of noncondensing gases and so on). In the case of steam-water and steamgas mixtures with a low share of liquid phase, verifying calculations with MELCOR code were also performed to compare the heat transfer coeffi cients.
In the second case, the atmospheric air was used as the fi nal heat absorber. It was assumed that the external surface of PRHRS HEC is located outside the containment and is placed in a duct (pipe). The duct, along with physical protection of PRHRS HEC, is also providing for organized convective ascending fl ow of air, caused by the temperature difference and consequently increasing the effectiveness of heat removal from the external surface of PRHRS HEC. For this case, it is important to select boundary conditions on the external surface of PRHRS HEC, namely, of the heat transfer coeffi cients as functions of the temperature difference between the external heat exchanging surface and the environment, and also the air fl ow rate and the geometry of PRHRS HEC. The air fl ow rate, in turn, is a function of the power removed or, which is the same, of the temperature difference between the external heat exchanging surface and the environment. In other words, for the external PRHRS HEC surface we had to set the third-order boundary conditions (Newton's boundary condition).
The task has been solved in the following way. Based on the assumed geometry of PRHRS HEC and traction tube (duct), using the MELCOR code, natural air fl ow through the heat exchanging surface was simulated, where different heat fl ux densi-ty or temperature of the PRHRS HEC internal wall were set up. The PRHRS HEC heat exchanging surface, in turn, was divided into several sections in height. Same division was used also for modeling the duct to eliminate "parasitic" convection at a zero input power. As a result, the correlations (dependency tables) between the input power, air fl ow rate, and temperature difference were obtained. Based on the resulting correlations for the selected geometry of the system, it was possible to build a defi nite dependence of the heat exchange coeffi cient as a function of two parameters: ambient air temperature (at the inlet to the duct) and also the difference between the local temperatures of the PRHRS HEC external surface and the inlet air temperature. These tables were later used in RELAP5/Mod3.4 to set the third-order boundary conditions. Moreover, the adequacy of the boundary conditions was checked based on the calculation results of a model with EHRT, after complete evaporation of the EHRT water, and the heat transfer was provided to a single-phase steam or steam-gas media. The results for the heat transfer and removed power were consistent, taking into account the accuracy of the two calculation codes.
Further, the calculations performed have shown that the heat transfer to EHRT water and to ambient air have similar characteristics, when the thermal effi ciency of PRHRS HEC is similar. Hereinafter the calculation results obtained with use of EHRT water as the fi nal heat absorber are presented.
RESULTS OF ANALYTICAL MODELING
The proposed PRHRS cooldown system for the pressurizer of NPP with WWER-1000 reactors provides effi cient and reliable heat removal and primary depressurization by steam release from PRZ. That provides conditions for advanced primary depressurization compared to primary cooldown, at the same time maintaining suffi cient subcooling rate in the reactor core. That prevents an increase in the positive reactivity during residual heat removal by autonomous PHRS and maintains safe core conditions up to the actuation point of the ECCS HA.
Following the blackout accident and reactor SCRAM, the residual heat is released through SGs. At about 620 s of the transient the PRHRS-R and PRHRS-PRZ get connected and the largest part of the residual heat is removed through PRHRS-R EHE (Fig. 2) . As the temperature at the exit of the reactor core and in the hot loops gets lower, the heat transfer through the SGs also decreases.
The PRHRS-R provides stable primary cooldown, which is illustrated by the temperature trend in the reactor core (Fig. 3 ) and the pressure trend (Fig. 4) that decrease immediately after the actuation of the PRHRS-R. During the whole time of PRHRS-R operation, suffi cient subcooling margin in the core is maintained as well as safe fuel cladding temperatures. In addition, the PRHRS-R also provides cooldown of the steam generators (Sviridenko and Shevielov, 2012) .
Following the PRHRS-R actuation, simultaneous cooldown of the pressurizer by PRHRS-PRZ leads to fast depressurization of the primary circuit, creating conditions for early actuation of the ECCS HAs: at 10,650 s for PRHRS with air-cooled TC and at 11,950 s. for water-cooled TC, respectively (Fig. 4) . Boron injection into the primary circuit is maintaining subcriticality, helps to recover water level in the pressurizer and keeps the core fl ooded along the entire transient (Sviridenko and Shevielov, 2012) .
The results obtained confi rm the feasibility of the proposed solution of passive cooldown of the pressurizer, which allows handling accidents without the necessity to increase the effi ciency of control rods or introduction of additional safety systems, e.g., a passive system of rapid boration.
PASSIVE SYSTEM OF EHRT THERMAL PROTECTION
Use of water tanks as the fi nal heat repository requires their thermal protection against water freezing at low external temperatures. The method (Sviridenko et al., 2008) and design (Fig. 5) were proposed for the fi nal heat repository thermal protection by the residual heat generated in NSSS.
Prevention of water freezing in the EHRT is provided by permanent heating from the primary circuit. Heat from the primary circuit goes to the EHRT via constant thermosiphon EHE from the primary system. The water fl ow is driven by the pressure difference between the lower and upper RPV ECCS nozzles, connected to the downcomer and upper plenum, respectively, when RCPs are in operation.
According to the calculations, to keep the water temperature in the EHRT above +5 о С, the rate of the necessary heat power transferred from the primary circuit at the air temperature within the range -(5-10) о С does not exceed 4-6 MW, or 0.13-0.2%
of the WWER-1000 rated power. 
EFFECTIVENESS AND RELIABILITY OF RESIDUAL HEAT REMOVAL BY THERMOSIPHON PRHRS IN THE CASE OF NITROGEN INJECTION INTO THE PRIMARY CIRCUIT
Complete long-term blackout with a loss of all safety power sources leads to a failure of closing on demand the isolation valves of ECCS HA. As a result, the nitrogen from the HAs is injected into the primary circuit, which exerts a substantial impact on heat transfer through the SGs. In (Sarrette, 2003) for the fi rst time for the WWER-440, with Loviisa NPP as the reference plant, the negative impact of nitrogen injection into the primary circuit to heat exchange in SGs has been shown. At a primary pressure of 0.27 MPa and typical saturation margin of 40 о C, the total amount of nitrogen dissolved in the primary circuit can reach the capacity equivalent to the total active volume of SG (6 × 10 m 3 ).
If all the inventory of gaseous nitrogen is locked in a SG, it completely blocks the primary-to-secondary heat exchange, and in the case of small LOCA accident this prevents an effi cient cooldown. The analyses performed by the "Gydropres" design bureau for WWER-1000/V-320 (Gudoshnikov and Migrov, 2009) , have shown that nitrogen injection leads to an increase in the fuel cladding temperature by additional 70 о C. Analyses and experiments for the AES-2006 design have shown that in the case of application of PRHRS SG, the presence of noncondensing gases in the primary steam causes a dramatic drop in the condensing capability of SG and impacts heat removal from the reactor core (Kalyakin et al., 2009) . Experiments proved that only ventilation of the gas-steam mixture with the fl ow rate equal to fl ow rate of the fi rst stage of ECCS HA-2, allows one to maintain the required condensing capacity of SG.
When an autonomous PRHRS is connected to the reactor installation, as shown in Fig. 1 , nitrogen intrusion in the primary loops and thermosiphon EHE, located above the upper pipeline of ECCS HA, eventually leads to a decrease in the reactor core cooldown effi ciency. Gas removal from the EHE is quite problematic because it requires installation of a control valve on the venting line.
A more effi cient way to prevent heat exchange capability losses due to the gas "plug" in the cooldown loop is disposition of the thermosiphon EHE at the elevation of the upper pipelines of ECCS. Тhe EHE has to be placed in such a way that its primary volume should not be higher than the elevation of the upper pipeline of ECCS. In this case, the gas is not accumulated in the EHE loop, and even minor natural circulation is enough to remove the gas to the main coolant pipe, ECCS, and SG.
To study the reliability of residual heat removal by PRHRS under complete blackout coincident with release of nitrogen into the primary circuit along with small primary leak, analytical modeling has been performed that analyzed the infl uence of elevation of the thermosiphon EHE compared to the elevations of the upper pipelines of ECCS: at elevations h = 0 m and 5 m (Fig. 6 ).
The following initial conditions were assumed in modeling: blackout at 100 s of the process, actuation of the PRHRS 2520 s. LOCA equivalent to 32-mm diameter, from PRZ steam volume, at emergency off-gas system nozzle (Fig. 6a ) starts at 20 s. of the modeled process. After the discharge of the ECCS HA, the isolation valve fails to get closed on demand. To assess the nitrogen infl uence on the PRHRS operability, the reference calculation of ECCS isolation valves the "as designed" actuation has been performed.
Analyzed time of the modeled transient, depending of the conditions of the scenario, was from 120,000 to 140,000 s (about 1.5 days), and, for the case when nitrogen is not injected into the primary circuit -for 236,000 s (2.7 days). In about 40 min after the blackout, at 2520 s, the main cut-off valve gets open and the autonomous PRHRS gets connected to the reactor installation.
Due to the intense cooldown, the primary pressure goes down (Fig. 7 ) and after 5000 s drops to 6.0 MPa, providing conditions for ECCS HA actuation and recovery of primary inventory. The primary temperature and fuel clad temperature behave similarly (Fig. 8) . ECCS are fully discharged by 37,000-39,000 s after the start of the accident. In the case of "as designed" operation of the isolation valve, the nitrogen remains in the HA and effi cient heat removal is maintained even in water-steam conditions in the reactor nozzles, PRHRS is working in steam-water conditions. Consequently, the reactor water level is slowly decreasing. The decreasing amount of residual heat also contributes to the process. So, fuel heating starts only after 220,000 s (2 days, 13 h) after the start of the accident, and core degradation -after 236,400 s (2 days, 17 h), respectively (Fig. 8) .
The maximum value of the volume content of nitrogen in PRHRS EHE (80-85%) is reached, approximately, in 15,000 s after full depletion of HAs. In Fig. 9 for "0 m" option the nature of change in the content of nitrogen on all settlement volumes of the heat exchanger is shown. In the process of decrease in the level of residual heat removal emissions the volume content of nitrogen steadily falls that provides the necessary effectiveness of the PRHRS (Fig. 10) .
The comparative chronology of the main stages of the development of accident for different options of PRHRS confi guration is given in Table 1 .
CONCLUSIONS
Consequently, the PRHRS EHE location at the "0 m" level is more preferable to handle an accident with a long-term blackout coincident with a small break LOCA and nitrogen injection.
Thus, the results confi rm that the nitrogen injection into the primary circuit, although it reduces the effectiveness of the heat sink of the autonomous thermosiphon PRHRS, does not lead to the loss of its operability. The optimal confi guration of the heat exchanging equipment in the considered accident makes it possible to increase the time limit prior to the core overheating by at least 25-30%, as compared to the case without thermosiphon PRHRS -more than by an order of magnitude.
